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Abstract ReXexive saccades are driven by visual stimu-
lation whereas voluntary saccades require volitional con-
trol. Behavioral and lesional studies suggest that there are
two separate mechanisms involved in the generation of
these two types of saccades. This study investigated diVer-
ences in cerebral and cerebellar activation between reXex-
ive and self-paced voluntary saccadic eye movements using
functional magnetic resonance imaging. In two experiments
(whole brain and cerebellum) using the same paradigm,
diVerences in brain activations induced by reXexive and
self-paced voluntary saccades were assessed. Direct com-
parison of the activation patterns showed that the frontal
eye Welds, parietal eye Weld, the motion-sensitive area (MT/
V5), the precuneus (V6), and the angular and the cingulate
gyri were more activated in reXexive saccades than in vol-
untary saccades. No signiWcant diVerence in activation was
found in the cerebellum. Our results suggest that the
alleged separate mechanisms for saccadic control of reXex-
ive and self-paced voluntary are mainly observed in cere-
bral rather than cerebellar areas.
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Introduction
Saccades are fast rotatory eye movements that serve to
move the eyes as quickly as possible, so that an object of
interest is projected onto the fovea where it can be visually
processed in detail (Schall 1995; Hayakawa et al. 2002;
Schiller and Tehovnik 2005; Amlot and Walker 2006). Sac-
cades can be classiWed into two broad categories: reXexive
and higher-order saccades. ReXexive saccades are saccades
toward suddenly appearing targets and are described as
reXexive or targeting saccades. Higher-order saccades have
a more volitional nature and include voluntary, memory-
guided and delayed saccades. Voluntary saccades are made
with a cognitive judgment in order to determine when and
where to move gaze (Straube and Deubel 1995; Leigh and
Zee 1999; Walker et al. 2000).
The neurophysiological circuit that drives saccadic eye
movements includes several distinct regions of the brain
(Leigh and Zee 1999). The mesencephalic and the pontine
reticular formations of the brainstem encode the motor sig-
nals that drive the eye muscles. The superior colliculus
encodes the direction and amplitude of the saccadic eye
movements (Leigh and Zee 1999). Several cortical brain
areas, such as the frontal eye Welds (FEF), the supplemen-
tary eye Welds (SEF), the parietal eye Welds (PEF), and the
motion sensitive area (MT/V5), are also known to be
involved in saccadic generation. Furthermore, the cerebel-
lum is involved in maintaining saccadic accuracy (Leigh
and Zee 1999). SpeciWc areas of the human cerebellum,
such as lobules VI and VII and the fastigial nucleus, have
been implicated in maintaining saccadic accuracy (Zee
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bellar lesions often show inaccurate saccades (known as
saccadic dysmetria) that do not resolve over time (Straube
and Deubel 1995).
Several functional magnetic resonance imaging (fMRI)
and positron emission tomography (PET) imaging studies
have shown activation in the human cerebellum during
saccadic eye movements (Desmurget et al. 1998; Dieterich
et al. 2000; Hayakawa et al. 2002; Nitschke et al. 2004).
For instance, Hayakawa et al. observed activity in the pos-
terior vermis and the bilateral hemispheres of the cerebel-
lum when subjects made saccades between two stationary
targets (Hayakawa et al. 2002).
It has been suggested that there are two separate and
largely independent mechanisms involved in the generation
of reXexive saccades and voluntary saccades (Deubel 1995).
Mort et al. aimed to compare the cortical activation patterns
induced by these two types of saccades with fMRI (Mort
et al. 2003). In their paradigm, reXexive saccades were
evoked by Xashing a peripheral spot to the left or the right of
the Wxation spot. Voluntary saccades were evoked by means
of an arrow cue as an indicator to the observer to change
their point of gaze to a dot pointed at by the arrow. Their
results suggested that FEF and PEF were more activated
during voluntary saccades and that the angular gyrus and the
precuneus were more activated during reXexive saccades
(Mort et al. 2003). Furthermore, behavioral studies showed
that modiWcation of the amplitudes of reXexive saccades in a
saccade adaptation paradigm (McLaughlin 1967) does not
inXuence the amplitudes of voluntary saccades, and vice
versa (Erkelens and Hulleman 1993; Gaveau et al. 2005;
Alahyane et al. 2007). The cerebellum is an important brain
structure in saccadic gain control (Ron and Robinson 1973;
Straube and Deubel 1995; Desmurget et al. 1998; Barash
et al. 1999; Straube et al. 2001). Desmurget et al. (2000)
demonstrated that the oculomotor vermis of the cerebellum
is activated in a saccade adaptation paradigm. The results of
the behavioral studies suggest that the cerebellum might also
be involved in a diVerent way in maintaining the accuracy of
reXexive and voluntary saccades.
In the present study, fMRI was used to investigate puta-
tive diVerences in cerebral and cerebellar activation pat-
terns between reXexive and self-paced voluntary saccadic
eye movements. We performed two experiments using the
same experimental paradigm. The Wrst experiment aimed to
assess cerebral activations of saccadic eye movements and
to compare the results with data from existing literature.
The second experiment focused on the cerebellum, speciW-
cally obtaining more detailed activation within this brain
structure. We hypothesized that the diVerences between
reXexive and self-paced voluntary saccadic eye movements
might be reXected by diVerences in cerebral as well as in
cerebellar activation patterns.
Materials and methods
Subjects
Written informed consent was obtained from each partici-
pant prior to the study, which was approved by the Institu-
tional Review Board. Subjects could participate in either
one or both of the two experiments that were performed:
whole brain and cerebellum. A total of 26 healthy volun-
teers (13 men, 13 women; average age 26.7 years, range
22–37 years) participated in the whole brain experiment,
and 26 healthy volunteers (15 men, 11 women; average age
26.7 years, range 22–37 years) participated in the cerebel-
lum experiment. Ten of these subjects participated in both
experiments. None of the subjects had any known neuro-
logical or visual defects other than minor refractive anoma-
lies. None of the subjects wore spectacle correction during
the experiments, as minor refractive anomalies could be
adjusted for by the goggle system that was used to display
the stimuli. All subjects reported good visual acuity during
the experiment.
Data acquisition
For each subject the images were acquired on a 1.5T MRI
scanner (Signa CV/I; General Electric, Milwaukee, USA)
using a dedicated 8-channel head coil. For the anatomical
image, a 3D high-resolution inversion recovery FSPGR T1-
weighted sequence covering the entire brain was acquired
(repetition time (TR)/echo time (TE)/inversion time (TI)/9.99/
2/400 ms, Xip angle 20°, 320 £ 224 matrix with a rectangular
Weld-of-view of 22 cm, 1.2 mm slice thickness with no gap;
parallel imaging factor of 2). Acquisition time was 5 min.
Functional imaging
For functional imaging, a single-shot gradient-echo echo-
planar imaging (EPI) sequence in transverse orientation
was used in each study that is sensitive to blood oxygena-
tion level dependent (BOLD) contrast. For the whole brain
experiment, the imaging volume covered the entire brain
(TR/TE 4,500/50 ms, 64 £ 64 matrix with a rectangular
Weld-of-view of 22 cm, 2.5 mm slice thickness, 48 contigu-
ous slices; voxel size of 2.5 £ 3.5 £ 3.5 mm3). Acquisition
time was 10:03 min per scanning session (including 18 s of
dummy scans that were discarded). For the cerebellum
experiment, the imaging volume only covered the whole
cerebellum with higher spatial and temporal resolution
(TR/TE 3,000/50 ms, 96 £ 96 matrix with a rectangular
Weld-of-view of 24 cm, 2.5 mm slice thickness, 18 contigu-
ous slices; voxel size of 2.5 £ 2.5 £ 2.5 mm3). Acquisition
time was 10:00 min per scanning session (including 12 s of
dummy scans that were discarded).123
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Eye movements (monocular, left eye) were registered con-
tinuously with the Real Eye RE-4601 Imaging System
(Avotec Inc., Stuart, FA, USA) with a 60 Hz sampling rate.
Online monitoring of eye movements and recording was
done with the iViewX Eye Tracking System (SensoMotoric
Instruments, Teltow, Germany). The system was calibrated
before each scan session with the built-in 3-by-3 point cali-
bration routine.
Stimulus paradigm
The experiments were performed in near darkness. The
visual stimuli were binocularly presented by means of a
goggle-based system (Silent Vision SV-7021 Fiber Optic
Visual System; Avotec Inc.). The optical components were
mounted on top of the head coil. Screen resolution was
1,024 £ 768 pixels and the refresh rate was 60 Hz.
The visual stimulation was exactly the same for both
experiments (whole brain and cerebellum), and consisted of
three diVerent visual displays, corresponding to three
experimental conditions. In all three displays, three hori-
zontally aligned dots (0.9° of visual angle in diameter) were
presented on a dark background. The horizontal separation
between the dots was 9°, and the central dot was centered in
the subject’s visual Weld-of-view. The overall luminance
was 0.43 cd/m2.
In the Wxation condition (baseline), the central dot was
yellow, and the two peripheral dots were gray. Subjects
were instructed to look at the yellow dot continuously. In
the Wrst active condition (reXexive saccades), the central
dot and one of the peripheral dots were gray, and the other
one was yellow. The two peripheral dots were intermit-
tently yellow with a random interval between 1 and 2 s. In
this condition saccade pace was therefore imposed by the
other peripheral dot turning yellow.
In the second active condition (voluntary saccades), the
central dot was gray, and both peripheral dots were yellow.
Subjects were instructed to change their point of gaze
between the two dots about every second, thus performing
self-paced voluntary saccadic eye movements.
Task design
An experiment consisted of a block design in which the
baseline condition [Wxation (F)] and one of the two active
conditions [reXexive (R) saccades and voluntary (V) sac-
cades] were presented in alternation. The sequence of con-
ditions started and ended with the baseline condition. The
order of the two active conditions was switched halfway
through the experiment [F–R–F–V…F–R–F–V–F–
(switch)–V–F–R…F–V–F–R-F].
In the whole brain experiment, an active condition lasted
for 31.5 s during which seven volumes were acquired. The
baseline (Wxation) condition lasted either 13.5 s (six times)
or 18 s (seven times) during which three or four volumes,
respectively, were acquired. Each of the two active condi-
tions was presented six times and the baseline condition
was presented 13 times in total. In the cerebellum experi-
ment, each active condition lasted for 24 s during which
time eight volumes were acquired. The baseline condition
lasted for 12 s during which four volumes were acquired.
Each of the two active conditions was presented eight times
and the baseline condition was presented 17 times.
Analysis
Eye movements
The eye movement recordings were analyzed oZine. Sacc-
adic eye movements were extracted semi-automatically
using an eye velocity criterion of 30°/s and checked manu-
ally. The total number of saccades was counted, and the
average number of saccades per second was calculated for
each subject, for each of the three conditions and for each
of the two experiments. Paired t tests were used to assess
diVerences between the conditions for signiWcance.
Subjects were excluded from the analyses if they showed
inadequate eye movement behavior, such as not looking at
the yellow dot continuously or making more than one sac-
cade per second in the voluntary condition. Subjects, in
whom eye tracking failed due to technical problems, were
also excluded.
Functional imaging data
The functional imaging data were analyzed using statistical
parametric mapping software (SPM 2, distributed by the
Wellcome Department of Cognitive Neurology, University
College London, UK) implemented in MATLAB (Version
6.5, Mathworks, Sherborn, MA, USA). For both studies,
motion correction and co-registration were done according
to the methodology provided by SPM2 (Tzourio-Mazoyer
et al. 2002). The time-series of images were realigned using
a least square approach and a six parameter spatial transfor-
mation. The central image in the time-series was the refer-
ence to which all subsequent images were realigned
(Friston et al. 1995). Motion parameters were checked for
each subject to ascertain that no excessive motion (>3 mm
translation or >1.5° rotation) has occurred. None of the scan
sessions had to be discarded due to excessive motion.
Brain volumes were normalized to the standard space
deWned by the Montreal Neurological Institute (MNI)
template. The normalized data had a resolution of
2 £ 2 £ 2 mm3 and were spatially smoothed with a 3D123
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of 8 mm for the whole brain experiment and 6 mm for the
cerebellum experiment.
Statistical parametric maps were calculated for each sub-
ject. Movement parameters resulting from the realignment
pre-processing were included as regressors of no interest to
further reduce motion artifacts. The model was estimated with
a high-pass Wlter with a cut-oV period of 128 s. For each
subject and for each experiment, t-contrast maps were calcu-
lated between each of the two active condition and the base-
line condition [(activereXexive > baseline) and (activevoluntary >
baseline)] and between the two active conditions.
The individual t-contrast maps were used for second
level random eVects (group) analysis. One sample t tests
were performed for each of the conditions and each of the
experiments separately: (activereXexive > baseline) and
(activevoluntary > baseline). To investigate the diVerences in
brain activation between the reXexive and the voluntary
saccade conditions directly we used an analysis of covari-
ance (ANCOVA) in which we compared activereXexive ver-
sus activevoluntary and vice versa. In order to ensure that the
diVerences in brain activation between these two active
conditions are not caused by diVerences in the number of
saccades made during the active condition, for each subject
we counted the numbers of saccades made in the active
conditions of the behavioral experiments (NreXexive and
Nvoluntary). From these numbers we obtained the ratio
[(NreXexive ¡ Nvoluntary)/(NreXexive + Nvoluntary)] for each active
condition, which was entered as a regressor of no interest.
All tests were thresholded at P < 0.05 with false discovery
rate (FDR) correction for multiple comparisons and at a
minimum cluster size of 10 voxels.
Reporting of activation is focused on the brain areas that
are involved in saccadic eye movements, namely the FEF,
SEF, PEF, MT/V5, precuneus (V6), cingular and angular
gyri, PVA/V1 and the cerebellum. In the whole brain
experiment we focused on cerebral activations, whereas the
cerebellum study allowed for a more detailed assessment of
cerebellar activation.
Results
Eye movements
Inspection of the eye movement behavioral data showed
that eye tracking failed in four subjects and that 12 subjects
did not perform properly during the experiments (seven
subjects in the whole brain experiment, and Wve subjects in
the cerebellum experiment): four subjects made too many
saccades in the voluntary conditions and eight subjects did
not look at the yellow dot continuously. These 16 subjects
were excluded from further analyses leaving 18 subjects for
each of the two experiments; nine of these subjects partici-
pated in both experiments.
For the whole brain experiment, the average (§SD)
number of saccades per second was 0.11 § 0.04 for the
Wxation condition, 0.71 § 0.05 for the reXexive condition
and 0.81 § 0.15 for the voluntary condition. For the cere-
bellum experiment, the average (§SD) number of saccades
per second was 0.09 § 0.05 for the Wxation condition,
0.70 § 0.07 for the reXexive condition and 0.72 § 0.09 for
the voluntary condition.
As expected, the number of saccades per second was sig-
niWcantly higher in each of the active conditions than in the
baseline condition for both the whole brain experiment and
the cerebellum experiment. For the whole brain experi-
ment, the number of saccades per second made in the vol-
untary condition was higher than in the reXexive condition
(P = 0.012). In the cerebellum experiment subjects made an
equal number of saccades in both active conditions
(P = 0.55). In both experiments, the average number of sac-
cades per second made in the reXexive condition matched
the number of target onsets (0.7 per second). None of the
subjects made saccades toward the target before it turned
yellow in the reXexive condition.
fMRI activation
The results of the random eVects group analysis for the
whole brain experiment and for the cerebellum experiment
are shown in Tables 1 and 2. In the cerebellum experiment
no signiWcant activation was found at a threshold of
P < 0.05 with FDR correction. Therefore, we used a more
lenient statistical threshold of P < 0.05 corrected for multi-
ple comparisons at cluster level and with a minimum clus-
ter size of 10 voxels.
ReXexive saccades
Analysis of the reXexive saccade condition for the whole
brain experiment revealed bilateral activation in the precen-
tral gyrus (frontal eye Welds, FEF), in the superior parietal
gyrus (parietal eye Welds, PEF) and in the middle temporal
gyrus (MT/V5) (Fig. 1). Unilateral activation was found in
the left angular gyrus.
The cerebellum experiment revealed bilateral activation
in lobule VI and unilaterally in crus I on the left (Fig. 2).
Activity was also found in vermis VI and VII.
Voluntary saccades
Analysis of the voluntary saccade condition for the whole
brain experiment revealed bilateral activation in the precen-
tral gyrus (FEF) and unilateral activation in the left inferior
parietal gyrus (PEF) (Fig. 3).123
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vation in the right lobule VI (Fig. 4). Activity was also
found in vermis VI and VII.
Direct comparison between reXexive and voluntary 
saccades
Results of the direct comparison between the two active
(saccade) conditions are given in Table 3, and visualized in
Fig. 5. When the reXexive saccade condition was compared
with the voluntary saccade condition (activereXexive >
activevoluntary) for the whole brain experiment, the analysis
yielded bilateral activation in the precentral gyrus (FEF), in
the inferior and superior parietal gyrus (PEF), in the middle
temporal gyrus (MT/V5), the precuneus (V6), and the
angular and the anterior cingulate gyrus, and unilateral right
activation in the posterior cingulate gyrus.
When the reXexive saccade condition was compared
with the voluntary saccade condition (activereXexive >
activevoluntary) in the cerebellum experiment, the analysis
yielded unilateral activation in the left lobule VI. This area
of activation, however, was part of the large activation clus-
ter in the fusiform gyrus, similar to that observed in the
whole brain experiment. The actual part of this larger clus-
ter being located in the left cerebellar lobule VI was less
than 10 voxels.
For both the whole brain and the cerebellum experiment,
no signiWcant activation was found when the voluntary
Table 1 Areas of activation (reXexive saccades > Wxation) with cluster size, maximum t value within the cluster, MNI coordinates of the maxi-
mum t value, anatomic labels, percentage of cluster size and functional area
All areas were thresholded at P < 0.05 with FDR (whole brain study) or at cluster level (P < 0.05) corrected for multiple comparisons (cerebellum
study) and with a minimum cluster size of 10 voxels
L left hemisphere, R right hemisphere, FEF frontal eye Welds, PEF parietal eye Welds, MT/V5 motion-sensitive area (MT/V5), PVA/V1 primary
visual areas (V1) 
a The unassigned areas for each cluster are not listed in the table
Whole brain study: reXexive
Cluster size T value MNI coordinate (mm) Anatomic area Side %a Functional area
x y z
14,877 7.78 46 ¡74 ¡2 Middle temporal gyrus R 4.89 MT/V5
Middle temporal gyrus L 3.6 MT/V5
Lingual and calcarine gyri L 31.33 PVA/V1
Middle, inferior and superior
Occipital gyri, cuneus
Lingual and calcarine gyri R 26.56 PVA/V1
Middle, inferior and superior
Occipital gyri, cuneus
Fusiform gyrus R 4.38
Fusiform gyrus L 2.65
Angular gyrus L 1.18 Angular gyrus
Superior temporal gyrus L 1.01
1,124 6,022 40 ¡10 54 Precentral gyrus R 51.6 FEF
Postcentral gyrus R 30.78
Middle frontal gyrus R 3.2
454 5.78 ¡60 ¡14 42 Postcentral gyrus L 68.72
Precentral gyrus L 26.87 FEF
394 4.64 ¡24 ¡62 62 Superior and inferior parietal gyrus L 91.11 PEF
Postcentral gyrus L 2.54
99 4.51 24 ¡48 40 Superior and inferior parietal gyrus R 33.33 PEF
146 4.28 26 ¡62 56 Superior parietal gyrus R 98.63 PEF
Cerebellum study: reXexive
409 7.02 ¡4 ¡76 ¡14 Cerebellum VI L 38.39 Oculomotor area
Cerebellum VI R 20.29
Vermis VI 18.09
Vermis VII 4.16
Cerebellum crus 1 L 2.44123
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condition.
A summary of the results is presented in Table 4.
Discussion
This study investigated diVerences in brain activation pat-
terns between reXexive and voluntary saccadic eye move-
ments. These two types of saccades were compared in two
diVerent experiments in which we looked for cerebral acti-
vation and for speciWc activation in the cerebellum.
Numerous functional imaging studies have investigated
brain activation related to reXexive or voluntary saccades
separately. PET studies have shown activation during
reXexive saccades in FEF (Anderson et al. 1994; Sweeney
et al. 1996), PEF (Anderson et al. 1994), cerebellum, striate
cortex and posterior temporal cortex (Sweeney et al. 1996).
fMRI studies have also shown activation in FEF (Petit et al.
1997; Luna et al. 1998; Muri et al. 1998; Berman et al.
Table 2 Areas of activation (voluntary saccades > Wxation) with cluster size, maximum t value within the cluster, MNI coordinates of the maxi-
mum t value, anatomic labels, percentage of cluster size and functional area
All areas were thresholded at P < 0.05 with FDR (whole brain study) or at cluster level (P < 0.05) corrected for multiple comparisons (cerebellum
study) and with a minimum cluster size of 10 voxels
L left hemisphere, R right hemisphere, FEF frontal eye Welds, PEF parietal eye Welds, MT/V5 motion-sensitive area (MT/V5), PVA/V1 primary
visual areas (V1)
a The unassigned areas for each cluster are not listed in the table
Whole brain study: voluntary
Cluster size T value MNI coordinate (mm) Anatomic area Side %a Functional area
x y z
323 8.35 ¡62 2 20 Postcentral gyrus L 44.89 FEF
Precentral gyrus L 19.81
Rolandic opercular gyrus L 16.72
Inferior frontal opercular gyrus L 14.24
2,848 7.62 ¡16 ¡78 6 Lingual and calcarine gyri
Middle, inferior and superior
Occipital gyri, cuneus
R 40.81 PVA/V1
Lingual and calcarine gyri
Middle, inferior and superior 
Occipital gyri, cuneus
L 49.31 PVA/V1
Fusiform gyrus R 1.19
31 5.1 ¡34 ¡74 ¡6 Inferior and middle occipital gyri L 61.92 PVA/V1
36 4.94 28 ¡84 24 Middle and superior occipital gyri R 100 PVA/V1
14 4.37 ¡28 ¡50 52 Inferior parietal gyrus L 100 PEF
137 4.32 56 ¡8 44 Precentral gyrus R 57.66 FEF
Postcentral gyrus R 33.58
Middle frontal gyrus R 8.76
Cerebellum study: voluntary
48 4.65 6 ¡76 ¡20 Cerebellum VI R 70.83 Oculomotor area
Vermis VI 20.83
Vermis VII 8.33
Fig. 1 ReXexive saccade eye 
movement: activation clusters in 
the whole brain study for reXex-
ive saccades versus Wxation. All 
areas were thresholded at 
P < 0.05 with FDR correction 
for multiple comparisons and 
with a minimum cluster size of 
10 voxels. (Labels A FEF, B PEF 
C MT/V5)123
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1998; Berman et al. 1999; Nobre et al. 2000), and the cere-
bellum (Nobre et al. 2000), as well as in SEF (Luna et al.
1998; Berman et al. 1999), the precuneus (Berman et al.
1999), the cingulate gyrus (Berman et al. 1999; Nobre et al.
2000), MT/V5, PVA/V1 and the midbrain. In general, sub-
jects in these studies were asked to execute saccadic eye
movement towards suddenly appearing peripheral targets.
In our study, we also found that reXexive saccades yielded
activation in the FEF, PEF, MT/V5 and in the angular
gyrus, as well as in the cerebellum, more speciWcally in the
cerebellar lobule VI, crus I and in the vermis VI and VII.
For voluntary saccades, PET studies have shown activa-
tion in FEF (Fox et al. 1985; Petit et al. 1996; Law et al.
1998), SEF (Fox et al. 1985; Petit et al. 1996; Law et al.
1998), PEF (Petit et al. 1996), PVA/V1 (Fox et al. 1985),
the anterior cingulate cortex (Paus et al. 1993), the precu-
neus (Petit et al. 1996), the midbrain and the cerebellar ver-
mis (Petit et al. 1996; Law et al. 1998). fMRI studies have
also shown activation in FEF (Darby et al. 1996; Corbetta
et al. 1998), SEF (Darby et al. 1996), PEF, PVA/V1, and
the posterior vermis of the cerebellum (Corbetta et al.
1998), as well as in V4. In general, subjects in these studies
were asked to execute self-paced voluntary horizontal sac-
cades. In our study, self-paced voluntary saccades yielded
activation in the FEF and PEF only, while activation was
also found in the cerebellar lobules VI and in the vermis VI
and VII.
Taken together, the previous imaging studies suggest a
considerable overlap in brain activation during both types
of saccadic eye movements. However, direct comparison
studies of the brain activation patterns induced by reXexive
and voluntary saccades are scarce. So far, only one fMRI
study has investigated diVerences in activation patterns
between both types of saccades (Mort et al. 2003). In the
latter study, voluntary saccades were evoked by the sudden
onset of a central cue indicating the direction of the saccade
that was to be made. Using more lenient statistical thresh-
olds than used in our study, the authors reported that, rela-
tive to voluntary saccades, the precuneus and the angular
Fig. 2 ReXexive saccade eye movement: activation clusters in the cer-
ebellum study. All areas were thresholded at P < 0.05 with correction
for multiple comparisons at cluster level and with a minimum cluster
size of 10 voxels. (Labels A cerebellum lobule VI, B vermis VI and
VII)
Fig. 3 Voluntary saccade eye movement: activation clusters in the
whole brain study for voluntary saccades versus Wxation. All areas
were thresholded at P < 0.05 with false discovery rate correction for
multiple comparisons and with a minimum cluster size of 10 voxels.
(Labels A FEF, B PEF)
Fig. 4 Voluntary saccades eye movement: activation clusters in the
cerebellum study. All areas were thresholded at P < 0.05 with correc-
tion for multiple comparisons at cluster level and with a minimum clus-
ter size of 10 voxels. (Labels A cerebellum lobule VI, B vermis VI and
VII)123
182 Exp Brain Res (2009) 192:175–187Table 3 Areas of activation (reXexive saccade > voluntary saccade) with cluster size, maximum t value within the cluster, MNI coordinates of
the maximum t value, anatomic labels, percentage of cluster size and functional area
All areas were thresholded at P < 0.05 with FDR (whole brain study) or at cluster level (P < 0.05) corrected for multiple comparisons (cerebellum
study) and with a minimum cluster size of 10 voxels
(L left hemisphere, R right hemisphere, FEF frontal eye Welds, PEF parietal eye Welds, MT/V5 motion sensitive area (MT/V5), V6 Precuneus, PVA/
V1 primary visual areas (V1)
a The unassigned areas for each cluster are not listed in the table
Whole brain study: reXexive saccade > voluntary saccade
Cluster size T value MNI coordinate (mm) Anatomic area side %a Functional area
x y z
20,691 9.11 46 ¡60 22 Middle temporal gyrus R 10.92 MT/V5
Middle temporal gyrus L 9.78 MT/V5
Precuneus L 8.18 V6
Inferior and middle occipital gyrus L 7.47 PVA/V1
Precuneus R 5.83 V6
Angular gyrus R 4.33 Angular gyrus
Fusiform gyrus L 3.6
Angular gyrus L 3.58 Angular gyrus
Inferior and middle occipital gyrus R 4.49 PVA/V1
Fusiform gyrus R 2.73
Inferior and superior temporal gyrus, 
hippocampal gyrus
R 7.07
Inferior temporal gyrus, 
parahippocampal gyrus
L 5.15
Posterior cingulate gyrus R 1.54 Posterior cingulate gyrus
Middle cingulate gyrus L 1.3
Lingual gyrus R 1.04
139 4.96 30 ¡46 64 Superior and inferior parietal gyrus R 71.95 PEF
Post central gyrus R 28.06
277 4.76 32 0 44 Middle frontal gyrus R 28.16 FEF
Precentral gyrus R 25.99
Inferior opercular frontal gyrus R 19.86
918 4.5 ¡2 44 20 Superior middle frontal gyrus L 40.41
Superior middle frontal gyrus R 14.81
Anterior cingulate gyrus L 12.53 Anterior cingulate gyrus
Middle orbital frontal gyrus R 10.24
Middle orbital frontal gyrus L 10.02
Anterior cingulate gyrus R 7.19 Anterior cingulate gyrus
25 3.94 ¡52 ¡62 52 Angular gyrus L 16 Angular gyrus
Inferior parietal gyrus L 16
77 3.73 ¡24 ¡78 54 Superior and inferior parietal gyrus L 63.63 PEF
26 3.6 2 ¡36 60 Precuneus L 46.15 V6
Paracentral lobule R 30.77
Paracentral lobule L 3.85
Precuneus R 3.85 V6
15 3.56 ¡6 28 14 Anterior cingulate gyrus L 33.33 Anterior cingulate gyrus
14 3.24 ¡46 16 38 Middle frontal gyrus L 92.86 FEF
Precentral gyrus L 7.14
Cerebellum Study: reXexive saccade > voluntary saccade
103 7.07 ¡44 ¡44 ¡22 Cerebellum VI L 6.8 Oculomotor area123
Exp Brain Res (2009) 192:175–187 183gyri were more strongly activated during reXexive saccades
and that, relative to reXexive saccades, FEF and PEF were
more strongly activated during voluntary saccades (Mort
et al. 2003). In our study it was found that, relative to self-
paced voluntary saccades, the MT/V5, the precuneus, and
angular and cingulate gyri were more strongly activated
during reXexive saccades. Relative to reXexive saccades,
we found no area of interest which was more activated dur-
ing self-paced voluntary saccades. In the cerebellum we
found no signiWcant diVerences in activation patterns
between reXexive and voluntary saccadic eye movements.
Frontal, supplemental and parietal eye Welds (FEF, SEF, 
PEF)
Studies on FEF and SEF lesions in human patients and non-
human primates suggest that both areas are either not domi-
nantly involved in the generation of reXexive saccades or
that damage can be compensated for on a behavioral level
by other areas, such as the brainstem (Schiller et al. 1980;
van der Steen et al. 1986; Lee and Tehovnik 1995; Sommer
and Tehovnik 1997; Schiller and Chou 1998; Dias and
Segraves 1999). However, lesions of the PEF in non-human
primates (Lynch and McLaren 1989) and humans (Pierrot-
Deseilligny 1991) considerably delay the onset of reXexive
saccades, suggesting that the PEF might be more essential
than the FEF or SEF for the adequate performance of
reXexive saccades (Gaymard et al. 1998).
On the contrary, the contribution of FEF and PEF to vol-
untary saccades has not been extensively evaluated by
lesion studies. Until now, the most studied form of volun-
tary saccades is the memory-guided saccades (Pierrot-Des-
eilligny 1991; Rivaud et al. 1994; Sommer and Tehovnik
1997). These studies suggest that unilateral FEF lesions in
humans slow down the onset of contralesional memory-
guided saccades. Similarly, comparable data on the contri-
bution of PEF to voluntary saccades are scarce as well.
We found that PEF was more activated in reXexive than
voluntary saccades, which is in accordance with the lesion
studies (Lynch and McLaren 1989; Pierrot-Deseilligny
et al. 1991; Gaymard et al. 1998). The PEF is thought to be
involved in saccades in terms of visuospatial localization,
attention and integration (Pierrot-Deseilligny 1991; Muri
2005). These cognitive processes are likely to be involved
in a reXexive saccade condition. At each target onset, the
brain needs to attend to it, localize the peripheral target and
encode the appropriate spatial directions for the saccadic
eye movement towards it (i.e. integration) (Matsuda et al.
Fig. 5 Activation clusters for 
reXexive versus voluntary sac-
cade eye movement in the whole 
brain study. All areas were thres-
holded at P < 0.05 with false dis-
covery rate correction for 
multiple comparisons and with a 
minimum cluster size of 10 vox-
els. (Labels A FEF, B PEF, C 
MT/V5, D precuneus, V6, E cin-
gulate gyrus, F angular gyrus)123
184 Exp Brain Res (2009) 192:175–1872004). In the voluntary condition these processes may have
a less prominent role, which might relate to the increased
activation in PEF in the reXexive saccade condition.
We also found that the FEF was more activated during
the generation of reXexive rather than voluntary saccades,
which seems to be at odds with the physiological and func-
tional studies mentioned above. However, it has been pro-
posed that the FEF, which is related to the preparatory stage
of saccadic responses, sends out intention and readiness
signals to the superior colliculus (Connolly et al. 2002).
Since in our paradigm subjects were aware that they were
about to make reXexive saccades, the activation in the FEF
could reXect such intention and readiness signals.
The increased activation in the FEF and PEF during the
generation of reXexive compared to voluntary saccades is
in contrast to an earlier study which found that FEF and
PEF were more activated during voluntary saccades (Mort
et al. 2003). In the latter study eye movement was not
recorded during scanning and the number of saccades may
not have matched the number of stimuli. In the present
study, we recorded the in-scanner behavior and found that
the number of saccades in the diVerent active conditions
was diVerent. However, adding the number of saccades as a
regressor in the fMRI analysis did not change the diVer-
ences in the activation between reXexive and voluntary sac-
cades. We did not observe any signiWcant activation in the
SEF during saccadic eye movements. Activation in the SEF
related to reXexive or voluntary saccade eye movements
has been reported by some (Fox et al. 1985; Darby et al.
1996; Petit et al. 1996; Law et al. 1998; Luna et al. 1998;
Muri et al. 1998; Berman et al. 1999; Nobre et al. 2000),
but not by others (Anderson et al. 1994; Mort et al. 2003).
Motion-sensitive area (MT/V5)
Neurons in the MT area of monkeys are speciWcally respon-
sive to visual motion, selectively for both direction and
speed, and have receptive Weld sizes of up to 25° in visual
angle (Zeki 1974; Baker et al. 1981; Van Essen et al. 1981;
Maunsell and Van Essen 1983; Felleman and Kaas 1984;
Churchland and Lisberger 2001). Functional imaging stud-
ies in humans have shown that the human homologue, area
MT/V5, is also highly responsive to visual motion stimuli
(Zeki et al. 1991; Watson et al. 1993; Tootell et al. 1995).
We found that MT/V5 was bilaterally more activated in the
reXexive than in the voluntary saccade condition, although
no real visual motion was present in either condition. This
activation could be explained by a phenomenon known as
apparent motion (Wertheimer 1912). When two stimuli at
two diVerent locations are turned on and oV in alternation
(as was the case in our reXexive condition), subjects often
perceive this as one single stimulus moving between two
locations, rather than two stimuli Xashing in alternation at
the two locations. This percept is absent when the two stim-
uli are presented simultaneously, as in our voluntary sac-
cade condition. Such a stimulus, in which the apparent
motion phenomenon occurs, evokes activation in the
human MT/V5 region (Goebel et al. 1998) and in area MT
of monkeys (Mikami 1991; Albright 1993), just like a true
visual motion stimulus.
Precuneus, cingulate gyrus and angular gyrus
The present study demonstrated that the precuneus, the pos-
terior and anterior cingulate and the angular gyri showed
more activation during reXexive and voluntary saccades.
Studies in non-human primates suggest that the precu-
neus belongs to part of the neural network specialized for
the processing of spatially-guided behavior (Selemon and
Goldman-Rakic 1988). Functional imaging studies have
shown that the precuneus is involved in reXexive saccadic
eye movements (Berman et al. 1999) and is associated with
shifts of spatial attention (Cavanna and Trimble 2006). The
anterior cingulate gyrus is involved in target detection (Pos-
ner and Petersen 1990) and is activated during self-paced
saccades (Paus et al. 1993; Petit et al. 1996; Sweeney et al.
1996) and during reXexive saccades (Berman et al. 1999;
Mort et al. 2003). Neurons in the posterior cingulate cortex
of primates Wre instantly to assign the spatial coordinates
Table 4 A summary of areas of activation in the functional areas of
interest for the whole brain and the cerebellum experiments
All areas were thresholded at P < 0.05 with FDR (whole brain study)
or at cluster level (P < 0.05) corrected for multiple comparisons (cere-
bellum study) and with a minimum cluster size of 10 voxels
B bilateral, L left hemisphere, R right hemisphere, FEF frontal eye
Welds, SEF supplementary eye Welds, PEF parietal eye Welds, MT/V5
motion-sensitive area (MT/V5), PVA/V1 primary visual areas (V1)
+ with signiWcant activation, ¡ no signiWcant activation
Areas ReXexive 
saccade
Voluntary 
saccade
ReXexive >
voluntary
Voluntary >
reXexive
Whole brain study
FEF B B B –
SEF – – – –
PEF B L B –
MT/V5 B – B –
Precuneus/V6 – – B –
Angular gyrus L – B –
Cingulate gyrus – – B –
Cerebellum study
Lobule VI B R – –
Crus I L – – ¡
Vermis VI + + ¡ ¡
Vermis VII + + ¡ ¡123
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vided and to permit monitoring of either eye or self motion
(Olson et al. 1996). Functional studies have shown that the
posterior cingulate cortex is involved in conWrming the new
target position during reXexive saccades (Mort et al. 2003).
Lesion studies show that the main area facilitating the trig-
gering of reXexive visually-guided saccades, but not the
voluntary saccades (Cavanna and Trimble 2006), is located
in the posterior parietal cortex, in or near the superior part
of the angular gyrus (Pierrot-Deseilligny 1991; Pierrot-
Deseilligny et al. 1991).
Cerebellar activation
The cerebellum plays an important role in the control rather
than in the generation of saccadic eye movements. The ver-
mis (VI and VII) are involved in controlling the accuracy
and timing of saccades (Noda et al. 1990; Voogd and Bar-
mack 2005).
Microstimulation of vermis VI and VII in the alert mon-
key induce and inXuence saccadic eye movements (Ron
and Robinson 1973). The Purkinje cells of vermis VI and
VII project to the caudal part of the fastigial nucleus, which
projects to the vestibular nuclei and saccade-related brain-
stem nuclei (Noda et al. 1990). Electrophysiological exper-
iments and clinical studies suggest that the vermis VI and
VII are involved in the direction-selective control of sac-
cade metrics and in saccadic adaptation (Kase et al. 1980;
Suzuki and Keller 1988; Fuchs et al. 1993). Disrupting the
posterior vermis, especially area VI, VII and paravermis, in
humans using transcranial magnetic stimulation also sug-
gest that these areas are related to the execution of visually-
guided saccades (Hashimoto and Ohtsuka 1995). Lesioning
the oculomotor vermis in monkeys leads to a clear shorten-
ing of saccades (saccadic hypometria), an increase in sacc-
adic amplitude variability and loss of adaptive capability of
saccadic amplitudes (Takagi et al. 1998; Barash et al.
1999). Although hypometria dissolves within a year, sacc-
adic amplitudes remain highly variable (Barash et al. 1999).
Saccadic behavior of patients with lesions of the vermis VI
and VII suggest that there is a dissociation between the
extent of saccadic variability and the lack of adaptive capa-
bility (Straube et al. 2001). Indeed, an increased variability
in saccadic accuracy does not generally lead to diminished
saccadic adaptation (van der Geest et al. 2006). Lesions of
the vermis VI and VII and the posterior hemispheres do not
only aVect saccadic accuracy, but may also delay the covert
orientation of visuospatial attention (Townsend et al. 1999).
Several fMRI studies have reported activation of the cer-
ebellum during saccadic eye movements. The cerebellar
hemispheres were bilaterally activated during both
voluntary (Dieterich et al. 2000) and reXexive saccades
(Hayakawa et al. 2002). Activation in vermis VI and VII
was observed in reXexive saccades (Hayakawa et al. 2002;
Nitschke et al. 2004). Dieterich et al. proposed that vermis
IX and lobules IV and V, as well as a small portion of ver-
mis VIII, might be involved in oculomotor performance
and the activation of the cerebellar hemispheres could pos-
sibly reXect visuospatial attention processes (Dieterich
et al. 2000). Nitschke et al. suggested that the vermis VI
and VII of the cerebellum play a predominant role in the
control of visually-triggered saccadic eye movements, and
are involved in processing visuospatial working memory
and attention (Nitschke et al. 2004).
In accordance with these previous studies, we also found
activation in cerebellar lobule VI and vermis VI and VII,
for both types of saccades. However, when we compared
the two types of saccades directly, no signiWcant diVerence
in activation was found. So, although the cerebellum is
thought to be critically involved in saccade amplitude mod-
iWcations in humans (Desmurget et al. 1998; Straube et al.
2001), the lack of transfer between the adaptation of reXex-
ive and voluntary saccades as observed in behavioral stud-
ies (Erkelens and Hulleman 1993; Gaveau et al. 2005;
Alahyane et al. 2007) is not reXected by diVerences in cere-
bellar activation between the two types of saccades. There
are two possible, and not mutually exclusive, explanations
for the lack of diVerential activation. It is possible that the
modiWcation of amplitudes of the two types of saccades is
processed by diVerent sets of neurons within the same cere-
bellar regions. Alternatively or additionally, the lack of
transfer between voluntary and reXexive saccade adaptation
arises on a cerebral level.
In the present experiments, voluntary saccades were
self-paced saccades made between two targets. The present
paradigm was chosen to mimic the saccadic adaptation
experiments in which voluntary and reXexive saccades
were dissociated with respect to their amplitude modiWca-
tions. However, compared to other voluntary eye move-
ment tasks (such as antisaccades and memory-guided
saccades), the present task does not engage cognitive pro-
cesses of inhibitory control and working memory which
would recruit frontal areas. Hence, the lack of Wndings in
these regions is not entirely unexpected. Moreover, subjects
are able to actively suppress a reXexive saccade using cog-
nitive processes of inhibition. It can be argued that the pres-
ently observed diVerences in circuitry between voluntary
and reXexive saccades are mainly related to a self-paced
mechanism which is, in our view, still volitional in nature.
Conclusion
The execution of reXexive saccades induced stronger acti-
vation in several cerebral areas, but not in the cerebellum,
than the execution of self-paced voluntary saccades. This123
186 Exp Brain Res (2009) 192:175–187could indicate that functional diVerence in maintaining the
accuracy of the two types of saccades is mediated on a cere-
bral level, or that it involves overlapping cerebellar regions
with possible functional diVerences.
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